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Direct interaction of ferredoxin:NADP+ oxidoreductase (FNR) with thylakoid membranes was postulated 
as a part of the cyclic electron flow mechanism. In vitro binding of FNR to digalactosyldiacylglycerol and 
monogalactosyldiacylglycerol membranes was also shown. In this paper we deal with the latter 
interaction in more detail describing the effect for two FNR forms of Synechocystis PCC 6803. The so-
called short FNR (sFNR) is homologous to FNR from higher plant chloroplasts. The long FNR (lFNR) form 
contains an additional domain, responsible for the interaction with phycobilisomes. We compare the 
binding of both sFNR and lFNR forms to native and non-native lipids. We also include factors which could 
modulate this process: pH change, temperature change, presence of ferredoxin, NADP+ and NADPH and 
heavy metals. For the lFNR, we also include phycobilisomes as a modulating factor. The membrane 
binding is generally faster at lower pH. The sFNR was binding faster than lFNR. Ferredoxin isoforms with 
higher midpoint potential, as well as NADPH and NADP+, weakened the binding. Charged lipids and high 
phosphate promoted the binding. Heavy metal ions decreased the rate of membrane binding only when 
FNR was preincubated with them before injection beneath the monolayer. FNR binding was limited to 
surface lipid groups and did not influence hydrophobic chain packing. Taken together, FNR interaction 
with lipids appears to be non-specific, with an electrostatic component. This suggests that the direct FNR 
  
interaction with lipids is most likely not a factor in directing electron transfer, but should be taken into 




Ferredoxin-NADP+ oxidoreductase (FNR) is a photosynthetic enzyme that transfers electrons from 
reduced ferredoxin to NADP+, forming NADPH [1] (Supplementary, Fig. S-1). This definition describes 
classic (chloroplastic-like) FNR involved in linear electron transfer in plant leaves or cyanobacteria cells. 
Leaf FNR is a monomer of ca. 36 kDa consisting of two domains (Fig. S-1a). One of them contains the 
NAD(P) binding motif. The cofactor of FNR, flavine adenine dinucleotide (FAD), is bound non-covalently 
in the narrow space between the two domains. In Cyanobacteria, two isoforms of FNR (lFNR and sFNR) 
are found. Cyanobacterial FNR has an additional, N-terminal domain homologous to phycocyanin 
associated linker protein (CpcD). This domain is responsible for binding to phycobilisomes [2]. 
Phycobilisomes (PBS) are huge pigment-protein complexes, which play a role of photosynthetic antennae 
in Cyanobacteria. Oppositely to light harvesting complexes of higher plants, which are internal 
membrane complexes, PBS are water soluble and attach to photosystems on the membrane surface. In 
some conditions, FNR may exist in both forms (e.g. under salt stress [2].  
FNR is encoded by a nuclear gene, petH, and in higher plants a premature version of a protein contains 
an N-terminal peptide that targets the protein to chloroplasts [3]. Over the years, several papers have 
reported co-purification of FNR with various thylakoid complexes and the involvement of this enzyme in 
cyclic electron transfer. These claims have later been proven wrong [2, 4-10]. Finally, Iwai et al. [11] has 
shown the functional and structural involvement of FNR in cyclic electron transfer supercomplex. TROL 
(thylakoid rhodanase-like protein) has been postulated to specifically participate in FNR binding to the 
thylakoid membrane in Arabidopsis thaliana [12, 13]. Tic62, an A. thaliana integral membrane protein, 
also binds FNR [14, 15]. In general, FNR may interact with several partners. Such interactions are 
regulated in accordance to the redox state of chloroplast stroma [14]. The main partner of 
photosynthetic FNR is ferredoxin (Fd). Fd is a small, water soluble protein, carrying an [2Fe2S] iron-sulfur 
cluster. Fd takes an electron from photosystem I and transfers it to FNR. The main photosynthetic Fd has 
a midpoint potential (Em) of about – 400 mV, however there are also isoforms with higher Em, playing 
different roles, e.g. in sulfite reduction, non-linear electron transfer or signaling [16]. In non-
photosynthetic plastids so-called non-photosynthetic FNR isoforms have been identified. For example in 
root tissues, FNR plays a role in nitrogen fixation and other biosynthetic processes that require reduced 
ferredoxin. In that case, FNR uses NADPH as a source of electrons for the reduction process. There are 
also isoforms of FNR, which are localized outside plastids. A cytosolic isoform of FNR, which plays a role 
of nitric oxide dioxygenase for hemoglobin, was found recently in poplar [17]. There are also reports that 
photosynthetic spinach FNR may reduce a quinone substrate [18-20]. This suggests the importance of 
the reaction in vivo. FNR isolated with cytochrome b6f complex is also able to reduce quinones [21]. Since 
quinones are hydrophobic, they were exposed to the enzyme in detergents or incorporated into 
liposomes. We have shown [22] that FNR binds directly to lipids (monogalactosyldiacylglicerol, MGDG 
and digalactosyldiacylglicerol, DGDG) in a pH dependent manner. This binding results in a partial 
incorporation of FNR into the lipid bilayer and at the same time increases the NADPH oxidation rate with 
an artificial quinone as a substrate. These facts may suggest that FNR binds to lipids and reduces the 
  
quinone substrate present there and that its interaction with other proteins is only auxiliary. Again, a 
question rises – is the interaction with lipids really physiological or is it just a side effect of FNR surface’s 
adaptation to interacting with several partners.  
A temporary, reversible attachment to the membrane is a common mechanism regulating the activity of 
enzymes, which recognize hydrophobic and available in membrane substrates. This process may be 
regulated by phosphorylation. The Ras-like GTP binding protein rab4, a protein involved in regulation of 
the cell cycle, is soluble when phosphorylated, but after dephosphorylation it associates with the cell 
membrane [24]. Acylation may also induce membrane binding as in the case of the ras protein in 
mammalian fibroblasts. A change in pH, inducing protonation/deprotonation and in parallel, a change in 
the protein charge, induces membrane binding in hisactophilin, a cytoskeletal linker protein in slime 
molds. Ligand binding regulates the membrane attachment of proteins containing Pleckstrin Homology 
(PH) domains which bind diacylglycerol [25].  
Photosynthetic membranes are composed of lipids and pigment-protein complexes. In this paper, we 
focused on FNR interaction with the first ones. MGDG, DGDG, sulfoquinovosyldiacylglycerol (SQDG) and 
phosphatidylglycerol (PG) are membrane lipids native to FNR. The first two constitute at least 75% of all 
photosynthetic membrane lipids [26]. MGDG and DGDG are galactolipids, with mono- and digalactose 
moieties as polar head groups, respectively. These groups significantly change the packing parameter 
and the tendency to form bilayers. DGDG is a bilayer forming lipid, while MGDG creates reverse micelles. 
This difference is important for thylakoid membrane organization, as MGDG helps huge protein 
complexes such as photosystems and light harvesting complexes to incorporate into the bilayer structure 
[27]. MGDG, by disturbing the packing of the bilayer and, in consequence, by forming inverted hexagonal 
structures (HII) is also important for violaxanthin deepoxidation. It enables to expose the second ring of 
the violaxanthin molecule to the violaxanthin deepoxidase enzyme [28] and it is essential for the activity 
of light-dependent protochlorophyllide oxidoreductase [29]. In natural membranes, including thylakoids, 
charged lipids have also been identified. One of them is phosphatidylglycerol (PG), containing a not 
neutralised negative charge on its phosphate group. The second one is SQDG, also with a negative 
charge on a sulphur group. SQDG is a structural lipid of pigment-protein complexes. PG and SQDG form 
bilayers. In numerous research approaches, phosphatidylcholine (PC) is used as a control for bilayer 
forming lipids, see e.g. [30, 31]. In model membrane studies the most commonly used version of PC is 
dipalmitoylphosphatidylcholine (DPPC) due to its ubiquity in animal membranes. The bilayer created by 
DPPC is 4.8 ± 0.3 nm thick [32], which is slightly thicker than the plasma membrane [33]. The second 
most used PC derivative is dimyristoylphosphatidylcholine (DMPC). DMPC differs from DPPC by the 
length of its acyl group (14 C versus 16 C), which results in a thinner bilayer. All PC derivatives, as well as 
galactolipids, are neutral. Phosphatidylcholine has partial charges (negative and positive) on its molecule, 
which results in a different molecular dipole than that in galactolipids. Their acyl chains are highly 
unsaturated, and consist mostly of linolenic acid (18:3) [34]. 
The aim of our study was to examine the binding of FNR to membranes in a model system, taking into 
account the most possible factors which may regulate these interactions. The second goal was to identify 
lipid specific interaction places. We used the enzyme from Synechocystis PCC 6803 as a model FNR, in its 
short and long form [35]. Both forms were expressed in Escherichia coli and purified by affinity 
chromatography to nickel beads, followed by ion exchange, to reduce to minimum the chance of 
contamination by lipids, especially the plant ones. In binding tests we used lipids native to FNR, MGDG, 
  
DGDG, SQDG and PG, as well as other non-thylakoid lipids, DMPC, DPPC and DOTAP as controls for 
comparison of head group properties: their type, volume and molecular charge (Supplementary, Fig. S-
2). DPPC was investigated as a model of a bilayer forming lipid. We used DMPC to check whether the 
length of acyl chains is important for the FNR - membrane interaction. We also included a positively 
charged lipid, 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP). This lipid is non-natural, but it is 
widely used in science, eg. in transfection protocols, due to its strong affinity to negatively charged DNA. 
DOTAP packing parameter suggests preferable bilayer formation. Here we used it to check if FNR binds 
to non-native, positively charged lipids. We also included other factors, which may act as switches 
between linear and cyclic electron transfer, and therefore possibly influence FNR binding. The first factor 
examined was the presence of ferredoxin. We used Arabidopsis thaliana Fd2 (a typical photosynthetic 
isoform) and Fd4 (the one with higher Em, involved in other processes), as models. As phycobilisomes 
contain an lFNR binding place and may prevent binding of the enzyme to the membrane, we used 
phycobiliosmes in one of the experiments. The change of pH, as well as the addition of NADPH or NADP+ 
simulated two extreme physiological states, after prolonged darkness (pH 8 and NADP+) or under strong 
illumination (pH 5 and NADPH). We also tested temperature as a possible regulating factor. Finally, we 
analysed the influence of selected heavy metals (cadmium, copper and zinc), as they may alter electron 
transfer in thylakoid membranes.   
  
Materials and methods 
Proteins 
Experiments were carried on two FNR forms from Synechocystis PCC6803: the short (sFNR) and long 
form (lFNR) containing an additional CpcD domain. sFNR and lFNR genes were amplified from 
Synechocystis PCC 6803 genomic DNA, cloned into pET28 and expressed in E.coli. 
Ferredoxin expressed in E. coli. For heterologous expression, Fd genes (Fd2, redox potential close to 
spinach Fd, and Fd4, redox potential about - 150 mV [16]) were amplified from cDNA of A. thaliana and 
cloned into the pET32b vector, with a thioredoxin tag. List of primers used for FNRs and Fds cloning may 
be found in Supplementary Table S-I. Ferredoxins were used without tag removal. 
Phycobilisomes were isolated from Synechocystiss PCC 6803 cells, by breaking up in liquid nitrogen and 
resuspension in 0.75 M phosphate buffer, pH 7.5. Whole phycobilisome complexes were purified on a 
sucrose gradient [36].  
Lipids  
MGDG, DGDG, PG and SQDG were purchased from Lipid Products, UK. PC, DPPC, DOPG, DOPC, DMPC 
and DOTAP came from Avanti Polar Lipids, USA. 
Langmuir-Blodgett (L-B) experiments 
Monolayers of lipids were formed in a Teflon trough, equipped with a magnetic stirrer, filled with 12.5 ml 
of buffer (25 mM MES/NaOH pH 5.0 or 25 mM HEPES/NaOH pH 8.0). Lipids were deposited from a 
chloroform stock (~ 1 mg/ml) in several steps, until desired π was reached. Surface pressure was 
monitored by a tensiometer (Nima Technologies Ltd.). Proteins and other factors were injected beneath 
the preformed, stabilized monolayer with a microsyringe. Most of LB experiments were done at room 
temperature. For studies of temperature influence on the binding rate, the whole apparatus was placed 
in a thermostated chamber and adapted to a given temperature.  
To calculate the rate of π increase, a tangent to the curve at the time of the FNR addition was found. For 
Δπ, the amplitude between the baseline before protein addition and the plateau phase reached after the 
saturation of protein binding, was determined. For curves without a clear plateau, the maximum was 
fitted by an asymptotic exponential function, y = a-b*cx, where a is the maximum value, b and c are curve 
parameters, which are not used in further analysis 
To measure pressure-area isotherms, 240 cm2 of the Teflon trough was used. The trough was filled with 
an appropriate buffer (225 ml of 25 mM MES/NaOH pH 5.0 or 25 mM HEPES/NaOH pH 8.0) and the lipids 
were deposited from a chloroform stock, in small drops all over the surface. The formed monolayer was 
compressed with a mowing barrier (25 mm/min). To investigate the protein influence on isotherms, the 
monolayer was compressed to 10 mN/m and the barrier was stopped. sFNR (200 µl of 5 µM stock) was 
then injected below the monolayer in a few aliquots in different positions of the trough. The system 
  
remained stopped to allow for sFNR-membrane binding for about 30 min (till the plateau was reached) 
and then the compression continued until a collapse was obtained.  
Gel filtration 
Analysis of complexes and the protein size was performed on a gel filtration column, Superdex G-200 
5/150 (GE Healthcare), connected to Akta Purifier (GE Healthcare). Samples were loaded by a 100 μl 
loop. Separation was monitored spectrophotometrically, by a simultaneous measurement at three 
independent wavelengths (280 nm, 350 nm and 459 nm). Separation was done with a flow rate of 0.5 ml. 
Electrophoresis 
Electrophoretic analysis was performed on 12% SDS-PAGE in the Laemmli system. For native conditions, 
SDS was omitted during gel and buffer preparations. Samples for native page were mixed with the 
loading dye (1% glycerol and 0.05% bromophenol blue) and directly loaded into gel wells.  
Liposomes  
Multilamellar vesicles (MLV) were prepared from appropriate lipid mixtures dried on tube walls and 
hydrated with a chosen buffer (25 mM MES/NaOH pH 5.0 or 25 mM HEPES/NaOH pH 8.0). Small 
unilamellar vesicles (SUV) were obtained from MLV by sonication. The hydration and sonication were 
done at room temperature, except for DPPC, for which the temperature was elevated above the 
transition temperature. For fluorescence anisotropy measurements, diphenylhexatriene (DPH) (Sigma-
Aldrich Co.) was added to the lipid mixture before drying (the DPH:lipid mass ratio was 1:200). 
FNR activity measurements 
FNR activity was determined in the Fd-dependent cytochrome c reduction assay. Cyt c reduction was 
followed spectrophotometrically (Cary Bio50, Varian) working in a kinetic mode, at 550 nm. The reaction 
was carried on in a thermostated (22oC) 1 ml quartz cuvette. The baseline was recorded using a mixture 
containing 10 µM cytochrome c and 20 µM NADPH in a 25 mM HEPES/NaOH buffer pH 8.0, with or 
without 0.35 µM ferredoxin. The reaction started by FNR addition to the final concentration of 0.025 µM. 
To test the influence of lipids, 5 µl of 5 µM FNR was mixed with 50 µM of MLV (200 µM lipid 
concentration, prepared in the reaction buffer), incubated at room temperature for 5 min, and then used 
to start the reaction. In the control reaction, FNR was mixed with the buffer without the liposomes. The 
electron transfer rate was calculated as the initial rate of cytochrome c reduction (the tangent to the 
curve at t=0). 
Fluorescence studies 
Tryptophan fluorescence of sFNR and lFNR were analyzed by steady state measurements with Cary 
Eclipse (Agilent, Gmbh) spectrofluorometer. The protein solution (25 nM) in the appropriate buffer 
(25 mM MES/NaOH pH 5.0 or 25 mM HEPES/NaOH pH 8.0) was placed in a 4 ml quartz cuvette with 
stirring and thermostated at 22oC. The excitation wavelength was set at 280 nm. Emission was recorded 
in the range of 300 – 600 nm, with a 1 nm resolution. Emission and excitation slits were 5 nm. In a typical 
  
experiment with heavy metals, the metal salt solution was added to the cuvette just after the first 
spectrum was recorded, then the measurements were taken every 1 min for the following 30 min (in an 
automatic mode). 
The DPH anisotropy was measured with the Cary Eclipse (Agilent, Gmbh) spectrofluorometer, equipped 
with a set of polarizers. The cuvette contained SUV in the appropriate buffer (25 mM MES/NaOH pH 5.0 
or 25 mM HEPES/NaOH pH 8.0) and FNR. The extinction wavelength was set at 350 nm. Emission spectra 
were recorded in the range of 370 – 550 nm. The fluorescence intensity at the maximum (425 nm) was 
used to calculate the anisotropy (r) using the following equation: 
  
      
       
 
Where I  is the fluorescence intensity measured in the plane parallel to the excitation and I⊥ is the 
fluorescence intensity measured in the plane perpendicular to the excitation. 
Fourier transform infrared spectroscopy (FTIR).  
FTIR measurements were performed on proteins deposited as a hydrated film on the surface of a ZnSe 
crystal. Spectra were recorded with a Bruker Vector 33 spectrometer in an attenuated total reflection 
(ATR) mode, in dry air atmosphere, with a 0,4 cm-1 spectral resolution. For each background and each 
spectrum 50 interferograms were averaged and Fourier transformed. Data analysis was carried out with 
Grams/AI 8.0 Spectroscopy Software (Thermo Electron Corporation, USA). 
Protein modeling 
Protein modeling was done using the Swiss Model automated platform [37, 38]. Synechococcus FNR 
(pdb: 2b5o) was used as a model for sFNR due to its closest sequence homology. Mastigocladus 
laminosus allophycocyanin (pdb: 1b33, [39]) was used as a model for the cpcD-like domain of lFNR. 
Surface electrostatic potential was simulated with Swiss PdbViewer [40] assuming the default 
protonation of the protein at pH 7, the dielectric constant of solvent 80, the dielectric constant of 
protein 4 and the solvent ionic strength 50 mM.  
  
Results 
The interaction of FNR with lipids was examined by injection of the protein under Langmuir-Blodgett 
monolayer formed from a given lipid. The concentration of FNR, used in the following experiments 
(15 nM), was selected in preliminary tests with injections beneath L-B monolayers formed from MGDG. 
Lower concentrations of FNR did not cause any effect as compared with the control (the buffer 
injection). MGDG was used to determine the FNR concentration because in the previous paper [22] the 
greatest π changes were observed after injection of the spinach FNR beneath the monolayer built of this 
lipid. 
Analysis of FNR-lipid interaction with the LB method 
Injection of sFNR beneath the monolayer formed from MGDG, DGDG, DPPC, DOTAP, DOPG, SQDG, as 
well as mixtures of MGDG/DGDG or MGDG/DPPC resulted in a gradual increase of π, until a plateau 
phase was reached (see Supplementary, Fig. S-3). The results obtained for MGDG and DGDG correspond 
with observations made for spinach FNR [22]. Fig. 1 compares the rate of initial π changes and the 
maximum change of π for sFNR injected beneath selected lipid monolayers for two pH values and for 
two different starting π values. 
 
Fig. 1. The sFNR injection beneath the lipid monolayer: a comparison of the rate of initial π increase (a) and the total change in π (b) for selected 
composition of the monolayer (MGDG, DGDG, DPPC or mixed  – 30% MGDG/70% DGDG) and two starting π values (10 mN/m or 20 mN/m) and 
at pH 5 or pH 8. Error bars – SD from 3-4 independent repetitions.  
The highest initial rate of the π increase was found for the injection beneath the MGDG monolayer at 
pH 5, for the lower starting π value (10 mN/m). Total Δπ was the highest for DGDG at pH 5, despite the 
low initial rate. For higher initial packing of the membrane (20 mN/m), the binding of the protein was 
hindered, both for the sugar and phosphatidylcholine type of the lipid hydrophilic head. sFNR was also 
  
bound to other tested lipids (see Supplementary, Fig. S-3). A general rule was a faster binding rate at 
pH 5 than at pH 8. It was not changed in the presence of charged lipid head groups.  
lFNR was also bound to membranes, however with a lower binding rate than sFNR (Fig. 2, Fig. S-3). The 
binding to all tested lipids was faster at pH 5 than at pH 8. There was a difference in the relative ratio 
between lipids. Binding to MGDG was the fastest, however binding to DOTAP reached the same rate 
value. DGDG binding rate was the third. The slowest binding was found when DPPC was used. This 
suggests that the CpcD domain even counteracted the interaction with lipids. Most probably ionic 
interactions (between lipid head groups and charged protein patches) were weakened because of higher 
pI of lFNR (pI 5.72) in comparison with sFNR (pI 5.27). There is also a possibility, due to the change in the 
binding rate observed also for neutral lipids,  that the CpcD domain screened those parts of the FNR 
surface which are involved in binding.  
 
Fig. 2. The lFNR injection beneath the lipid monolayer: a comparison of rate of initial π increase (a) and the total change in π (b) for selected 
composition of the monolayer (MGDG, DGDG, DPPC or DOTAP) and two pH values (pH 5 and pH 8). Error bars – SD from 3-4 independent 
repetitions. 
Pressure-area isotherms indicated that protein binding influenced the lipid behavior. We checked this 
effect for sFNR and MGDG or DGDG at both pH 5 and pH 8 (compare Supplementary Fig. S-4). For DGDG, 
a slight increase in the collapse area per molecule at pH 8 was observed. The stabilization of the 
membrane at pH 5 resulted in a collapse plateau. A similar behavior was found for MGDG monolayers. 
Almost no changes in the shape of curves were noted, indicating that the protein did not influence lipid 
reorganization during compression. 
Temperature as a factor modulating binding of FNR to membranes. 
Temperature is an important environmental factor, which modulates the function of photosynthetic 
membranes. It changes lipid fluidity as well as the reaction rates catalyzed by proteins. Here we checked 
how temperature influences sFNR binding to MGDG or DGDG monolayers, at pH 5 or at pH 8 (see Fig. S-
  
5). In all tested temperatures, the binding was faster at pH 5 for both lipids. The binding to MGDG was 
slower at pH 8 than at pH 5, except for 32oC. The maximum binding rate was found for MGDG at pH 5, at 
28oC. At higher temperatures the binding rate decreased. For DGDG monolayers, the binding rate was 
almost zero at 10oC. It increased (faster at pH 5) to reach a plateau in the range of 30oC. The Arhenius 
plot (ln[binding rate] vs 1/T, not shown) was not linear, which indicates that at least two processes 
influenced the observed changes. One of them was most probably an increase in the protein diffusion 
rate, while the other was a change in the monolayer (e.g. resulting from faster lateral diffusion). In 
highest temperatures, changes in sFNR tertiary structure may also influence the observed rates.  
Modulation of FNR binding by ferredoxin 
One of the most important factors which should be considered in FNR membrane attachment-
detachment is the presence of Fd. We tested FNR binding to membranes in the presence of model 
ferredoxins. Two Arabidospis Fd isoforms, namely Fd2 and Fd4, were chosen. Fd2 is homologous to 
photosynthetic ferredoxin, involved in linear electron transfer. Fd4 has a higher redox potential and is a 
rare case of ferredoxin, which is involved in different processes, including signaling and redox tuning. The 
results are presented in Fig. 3.  
Fd2 did not influence sFNR binding to the membrane at pH 8 and slightly reduced FNR binding at pH 5. 
Fd2 alone slightly influenced membrane stability, but to a lower extent than FNR. Fd4 caused a more 
significant increase in π, especially at pH 8 and a reduction of FNR binding both at pH 5 and pH 8. This 
effect was especially substantial at pH 8. 
 
Fig. 3. Modulation of sFNR binding to the MGDG monolayer at pH 5 (a) or at pH 8 (b), by the presence of Fd2 or Fd4. Initial π was 10 mN/m. The 
legend to the bars: sFNR – the control injection of sFNR, Fd2/Fd4 – separate injections of respective ferredoxins. sFNR+Fd2/sFNR+Fd4 – the 
injection of a mixture (1:1 molar ratio) of sFNR and Fd2/Fd4. Bars labeled “Sum” represent a mathematic sum of values from separate injections 
  
of sFNR and Fd2/Fd4. Error bars – SD from 3-4 independent repetitions, the sum error calculated from errors of separate injections by full 
derivative method. 
Both Fd2 and Fd4 are reaction partners (electron donors or acceptors) for sFNR. This is observed as a 
significant increase in the rate of cytochrome c reduction by FNR (Fig. 4). The higher reaction rate in the 
presence of Fd2 is most probably related to the lower midpoint potential of this Fd, which makes it a 
more efficient electron donor. In the presence of liposomes, built up with pure DGDG or MGDG/DGDG, 
the electron transfer rate was reduced by about 20% in all tested variants. This suggests that the 
reduction resulted from the inhibition of NADPH binding by FNR (or electron transfer between FNR and 
the FAD cofactor of FNR) and not from the FNR-Fd interaction. 
 
Fig. 4. The influence of lipids on the electron transfer rate between FNR and Fd2 or Fd4. The rate was determined by Fd-dependent cytochrome 
c reduction. Lipids were used in the form of multilamellar vesicles of pure DGDG or a mixture of MGDG/DGDG (30% MGDG/70% DGDG). 
Modulation of FNR binding by NADPH and NADP+ 
NADP is a natural substrate of FNR. The ratio between NADP+ and NADPH is an important switch 
between cyclic and linear electron transfer. NADPH binding induces small conformational changes in FNR 
molecules. This is why we also tested the effect of NADP, both in its oxidized and reduced form, on FNR 
binding to membranes. We considered two situations – the nucleotide was added after the FNR injection 
or before it. Fig. 5 presents the results obtained from this experiment for injections beneath MGDG and 
DOTAP monolayers. Results for DGDG monolayers, as well as lFNR injection under the same set of lipids 
are shown in supplementary figures S-6 and S-7. Generally, the presence of NADPH decreased the biding 
rate and Δπ, with the exception of lFNR at pH 8 injected beneath the DOTAP monolayer. NADP+ caused 
no effect on the MGDG-binding rate at both pH, while it reduced sFNR binding to DGDG. This effect was 
stronger at pH 8. There was no significant influence of NADP+ on lFNR binding at pH 5 but a reduction of 
the binding rate was observed at pH 8. 
  
 
Fig.5. Modulation of sFNR binding: the rate of π increase (a, c) and total π change (b, d) to MGDG (a, b) or DOTAP (c ,d) by NADPH or NADP+, at 
pH 5 or pH 8. NADP+/NADPH (0.1 μM) was present before FNR injection. 
Phycobilisomes influence on membrane binding 
Phycobilisomes are huge protein complexes, in Synechocystis sp. composed mainly of phycocyanine. In 
vitro these complexes are stable at high phosphate concentration (0.75 M). This phosphate 
concentration is far from physiological, however it simulates the natural environment by preventing 
phycobilisome decomposition. Because the CpcD-like domain of lFNR is believed to interact with 
phycobilisomes [2], we tested how the presence of phycoblisomes (10 times molar concentration of FNR) 
influenced the binding. Fig. 6 presents example curves. Phycobilisomes did not significantly change the 
rate of binding of lFNR to the membrane, however high phosphate concentration significantly increased 
the binding rate. The presence of phycobilisomes reduced Δπ. This was not due to the change in the ionic 
strength, as high NaCl concentration (control to high phosphate) decreased the binding rate (see 
Supplementary, Fig. S-8).  
  
 
Fig.6. The influence of phycobiliosomes (PBS) on sFNR (black line) or lFNR (grey line) interaction with the DGDG monolayer, formed at π= 
10 mN/m. The water phase was buffered with 0.75 M phosphate buffer, pH 8. Phycobilisomes were injected before (dashed lines) or after the 
FNR injection (solid lines). Arrows indicate FNR and PBS injections in the order depicted in the figure legend. 
We also checked the pressure-area isotherms for DGDG formed at the surface of the 0.75 M phosphate 
buffered water phase. We examined each monolayer after the insertion of sFNR or PBS (Fig. S-9). No 
influence on the collapse pressure was observed except a slight decrease in the collapse area per 
molecule. An additional transition occurred at about 120 A2/molecule. This may be interpreted as the 
reorganization of lipids with bound protein molecules. 
Modulation of FNR binding by heavy metals 
Heavy metals are also one of possible factors, which may shift photosynthetic electron transport form 
the linear to cyclic pathway, mainly because of photosystem II toxicity. Heavy metals are known to 
impact FNR activity. The presence of heavy metal ions (Cd2+, Zn2+, Cu2+) did not change significantly FNR 
binding to the membrane, even at 1 mM concentration. At pH 8 this concentration of Cd2+/Zn2+ caused 
respectively a moderate FNR inhibition [41]. Cu2+ inhibited FNR activity at low pH, while there was no 
Zn2+-related inhibition and a much weaker inhibitory effect of Cd2+ [42]. Here we tested the influence of 
heavy metal ions on binding of FNR to membranes. We found that the injection of heavy metal salt 
solutions under the monolayer with already bound FNR did not change π. Cu2+ injection (1 mM) 
decreased π by 2-3 mN/m, both in control conditions and in the presence of the protein (see an example 
in Supplementary, Fig. S-10). For SQDG such a decrease was observed for all ions, including the control 
with NaCl and thus it may be related to the rearrangement of membranes after charge shielding. When 
FNR was preincubated with heavy metal ions (30 min, 1 mM concentration), we observed a decrease in 
the rate of binding.  
Analysis of secondary structures of sFNR and lFNR in the presence of heavy metals 
sFNR and lFNR interacted differently with membranes. We compared the Amid I band in the FTIR 
spectrum of these proteins (Fig. 7), which reflects the changes in their structures, after treatment with 
  
heavy metal ions (Tab. I). Helices consist of 42% of sFNR and 39% of lFNR. After the heavy metal 
treatment, slight changes in secondary structures of both sFNR and lFNR were observed. Secondary 
structures were influenced differently depending on the ion type and the protein. Cadmium treatment of 
sFNR reduced mainly the amount of loops. Interestingly, incubation with ions did not induce aggregation, 
which would reflect protein denaturation. Denaturation, if present could lead to artifacts during 
membrane-interaction measurements. Small changes in protein structures were also found when 
tryptophan fluorescence of sFNR and lFNR molecules was investigated in the presence of heavy metals. 
There are five tryptophan residues within the sFNR molecule and none in the additional domain of lFNR. 
The residues are partially buried, thus the emission maximum is near 340 nm. Both cadmium and zinc 
present in the solution caused a decrease in the fluorescence intensity by about 10%. Almost no shift in 
the position of the emission maximum was observed. In the case of copper, due to its known quenching 
properties, the decrease of fluorescence intensity was about 80-90%. The example results obtained for 
sFNR are shown in supplementary (Fig. S-11). 
 







Table I. Secondary structure composition of sFNR and lFNR, treated with heavy metal ions, as predicted from Amide I bands deconvolution. 












sFNR lFNR sFNR lFNR sFNR lFNR sFNR lFNR sFNR lFNR 
Control 41.48 39.55 3.47 4.56 6.30 6.73 3.49 3.63 2.70 2.78 
+ Cd2+ 40.90 41.94 2.88 3.30 7.92 5.68 2.98 1.19 2.04 1.67 
+ Zn2+ 39.56 39.03 4.22 4.49 7.24 7.39 2.99 2.91 2.38 2.48 
+ Cu2+ 39.23 39.95 3.55 2.57 5.21 6.41 3.18 2.97 2.84 2.63 
Analysis of FNR interaction with lipids in vesicles 
Apart from binding to lipid monolayers, we also tested binding of FNR to lipids in vesicles. We performed 
sFNR precipitation with multilamellar vesicles (MLV), composed of DGDG or a MGDG-DGDG mixture 
(30% MGDG, 70% DGDG). The binding could be monitored by SDS-PAGE, which enabled to estimate the 
dissociation constant (Kd). The Kd was found to be below 0.1 µM at pH 5 and about 1.8 µM at pH 8. 
However, a high amount (up to 1000) of lipid molecules for one FNR molecule was estimated from these 
calculations. It seems very unlikely and most probably results from the method limitation. Firstly, FNR 
concentration is a limiting factor, due to SDS-PAGE detection sensitivity. Secondly, the pellet might be 
contaminated with the remaining solution. For more details, see Suplementary (Fig. S-12 and the related 
paragraph). We have verified this to some extent by isothermal titration calorimetry (ITC), finding the 
reaction exothermic, with Kd at nanomolar range for sFNR binding to MGDG-DGDG liposomes at pH 8. In 
this experiment, the sFNR molecule was found to bind to 25-30 lipid molecules. With assumption that 
most of liposomes used in the experiment is single bilayer, it may be postulated that one FNR molecule is 
bound to 12-15 lipid molecules.  The data are shown in Supplementary (Fig. S-13 and S-14 and discussion 
there).  
The interaction between sFNR/lFNR and small unilammelar vesicles (SUV) was investigated by gel 
filtration. This technique separates molecules dependent on their hydrodynamic radius. If a complex 
between SUV and FNR is formed, FNR specific absorption in the SUV fraction and a shift in the fraction 
position is observed. However, for all tested variants there were no significant changes in the elution 
profiles and no absorption at 459 nm was observed in liposome fractions (Fig. S-15). Surface binding 
could be disturbed by the high curvature of SUV as well as shearing between the gel beads. 
The digestion by trypsin or proteinase K may be used to identify protein fragments, which are screened 
by lipids. In the presence of proteinase K, both in the control and in the presence of liposomes, FNR was 
digested into small peptides. In milder conditions, only a fragment of about 10 kDa was digested, but no 
difference was observed between the control and liposomes (Fig. S-16). Gel filtration of FNR digested in 
the presence or absence of liposomes (data not shown) confirmed that lipids did not interfere with the 
digestion. 
FNR-membrane interaction measured by DPH anisotropy 
  
DPH is a fluorophore, which localizes into the hydrophobic membrane region. Anisotropy of DPH is 
sensitive to membrane fluidity, which is influenced by the incorporation of proteins. Fig. 8 compares DPH 
anisotropy for liposomes incubated with FNR and the control ones. DPH anisotropy resembled the 
difference in fluidity between saturated DPPC and non-saturated DGDG, but not in the presence of FNR. 
The addition of MGDG did not facilitate to detect the FNR influence. 
 
Fig. 8.The influence of sFNR on DPH anisotropy. Lipids – 100 µg/ml, DPH – 0.5 µg/ml, FNR – 0.4 M. MGDG (in MGDG/DGDG and MGDG/DPPC 
mixtures) was added to 30% of molar concentration. Buffer conditions as in previous experiments.  
  
Discussion 
Here we provided a detailed analysis of in vitro interaction between Synechocystis PCC 6803 FNR (both 
sFNR and lFNR) and model lipid membranes, namely lipid monolayers and liposomes, in the presence of 
factors which may potentially modulate this process: the pH change, the temperature change, the 
presence of ferredoxin, NADP+ and NADPH as well as cadmium, copper and zinc ions. Heavy metal ions 
were chosen to simulate stress conditions. For the long FNR form, we also included phycobilisomes as a 
modulating factor. We used sFNR as an FNR model due to its structure homology with other 
photosynthetic FNRs. For binding to monolayers, we determined the binding rate and the total change of 
π, which may be interpreted as a semi-quantitative estimation of the amount of bound protein 
molecules. We proved binding to all tested lipids. However, the binding rate depends on the lipid type, 
the packing of membrane represented by the initial surface pressure value and pH of the water phase. 
The fastest binding was observed for less packed MGDG (initial π = 10 mN/m) at pH 5. Second and third 
binding rates were determined for DPPC and DOTAP monolayers respectively. lFNR binding to DOTAP 
was as fast as to MGDG and the binding to DGDG was faster than to DPPC. Interestingly, the total change 
of π was not significantly different, which suggests that time is the only limiting factor in this process. At 
pH 8 the binding was less effective than at pH 5. Both the rate and Δπ were reduced, but this difference 
was more pronounced for sFNR.  
The difference between the binding to MGDG and DGDG was previously shown for spinach FNR [22]. The 
modulation of Synechocystis FNR binding by pH is similar to the one described for spinach FNR. The 
interaction with these lipids may be assumed to be natural, as both MGDG and DGDG are present in 
thylakoids. However, here we found that FNR binds also to DPPC and other PC lipids, which are absent in 
the protein’s natural environment. Moreover, the binding to DPPC is even faster than the binding to 
DGDG. Both DGDG and DPPC are bilayer forming lipids, while MGDG forms inverted hexagonal structures 
(HII). HII structures are very important for biological membranes [27], facilitating protein fitting into the 
bilayer. The stronger interaction of FNR with MGDG suggests that this binding is dependent on the type 
of membrane organization, rather than the type of the head group. This may be explained by protein 
stacking between head groups. The protein uses the free space which is left between head groups of 
lipids in the hexagonal phase. The hypothesis is supported by generally lower binding rates for more 
packed monolayers (π=20 mN/m vs 10 mN/m). Also, the multicomponent changes in the binding rate in 




Fig. 9. Equipotential surfaces (red – negative (-1.8 V), blue – positive (+1.8 V) calculated for sFNR (a) and the cpcD-like domain of lFNR (b). The 
potential was calculated for the default protonation of the protein at pH 7, the dielectric constant of solvent 80, the dielectric constant of 
protein 4 and the solvent ionic strength 50 mM. 
We also showed that charged lipids do attract FNR. It is quite common in nature, that the interaction 
between negative and positive patches on molecules defines the orientation of complexes and bigger 
structures. We observed FNR biding to both positively charged (DOTAP) and negatively charged lipids 
(SQDG and PG). This result is perplexing in terms of theories depicting the orientation of proteins and 
their binding partners. FNR behavior may be the result of the presence of differently charged patches on 
the protein molecule. Known FNR molecules are mostly negatively charged, with small positive patches – 
namely in the Fd docking site. Synechocystis FNR has not been crystalized yet, but we were able to obtain 
its model based on the homology with Synechococcus FNR (pdb: 2b5o). The surface electrostatic 
potential (Fig. 9) calculated for this model clearly shows that Synechocystis FNR molecules have most of 
their surface negatively charged with a small amount of positive charge in the putative Fd binding site. 
This may explain the interaction with both negatively and positively charged lipids. However, the 
comparison of the ratio of negative to positive patches suggests that binding to positively charged 
DOTAP should be much stronger than to PG or SQDG, which is not the case.  
Additionally, we observed that high NaCl concentration significantly reduced FNR binding to monolayers. 
The conditions were non-native, but they provided some information about the nature of the FNR-
membrane interaction. This experiment suggests that several charged amino acids are involved in the 
binding driving force. Charged residues may be screened by Na+/Cl- ions, as was described for the FNR-Fd 
binding site [43], [44]. The general charge of a protein molecule also modulates the binding, which is 
reflected by the comparison of sFNR and lFNR binding rates. lFNR has a higher isoelectric point 
(theoretical pI 5.72 versus 5.27 for sFNR) and a lower overall molecular charge (see Fig. 9b presenting 
the equipotential surfaces on the cpcD-like domain). This is most probably the reason for its lower rate 
of binding to the membrane. The presence of Na+/Cl- ions may strengthen the hydrophobic interaction 
by weakening the electrostatic driving force. Since in the presence of elevated NaCl we did not observe 
any increase in the binding rate, we may hypothesize that hydrophobic interactions are not the main 
driving force, at least in the initial phase of membrane attachement. In ITC experiment, we observed 
exotermic binding between sFNR/lFNR and DGDG/MGDG liposomes, acoompanied by negative ΔH. Such 
  
charcetristics is also an evidence of significant electrostatic contribution into binding, as it was shown 
e.g. for beta-amyloid and phospholipids interactions {Terzi, 1994 #1212} or for milk protein interacting 
with polysaccharides {Turgeon, 2007 #1213}. 
Not only have we shown that electrostatics is the driving force behind binding, but also that binding is 
restricted to the lipid head groups. The measurement of DPH anisotropy did not show any significant 
changes in the presence of FNR. Even prolonged incubation time did not influence this parameter. The 
MGDG and DGDG isotherms of compression were not altered significantly in the presence of FNR. This 
also suggests that the protein is not incorporated into the monolayer. In a previous study, devoted to the 
analysis of spinach FNR binding to MGDG and DGDG bilayers we proved that lipid head groups should be 
taken into account as an incorporation place, since FNR activity was only slightly impaired in the 
presence of liposomes [22]. This binding is rather unstable, as we did not find FNR bound to liposomes 
during the analysis by gel filtration (see also Kd discussion in Supplementary). It may be explained either 
by a strong disturbance in the equilibrium caused by dilution during on-column separation or by 
distraction of FNR-liposome complexes by beads (e.g. by combined friction and electrostatic attraction). 
The monolayer technique we applied here allows to perform measurements at a much lower lipid 
density than the one in liposomes. We carried out measurements at 10 mN/m and 20 mN/m, which is 
much lower than the collapse conditions [45]. However, in most cases we detected at least twice as fast 
binding at lower π. More free space between lipid head groups is the most probable explanation of the 
differences between binding to monolayers and liposomes. 
Assuming that FNR direct binding to the lipid part of the membrane is responsible for changing the 
electron route in chloroplasts, it should be sensitive to factors that switch between the linear and cyclic 
electron transfer. These factors include the presence of ferredoxin and excess of NADPH. We showed 
that both Fd2 and Fd4 were efficient reaction partners for ferredoxin. The presence of lipids decreased, 
by a similar factor the rate of electron transfer between FNR and Fd2 or Fd4. However, we found that 
only Fd4, which has a higher midpoint potential than typical photosynthetic ferredoxin (Fd2), decreased 
the FNR- membrane binding rate. This Fd was also binding to the membrane and the total effect of the 
FNR binding rate reduction is rather related to the destabilization of the membrane by Fd than to the 
direct disturbance of FNR binding. The fact that ferredoxins alone bind to the membrane is interesting. 
The observed much higher binding of Fd4 suggests that the strength of membrane interaction may be 
one of the differences between Fd isoforms important for their functions . 
We also found that NADPH reduces the sFNR and lFNR binding rate to MGDG and DGDG and in most 
cases to DOTAP. NADP+ has an reducing effect only on binding to DGDG . In nature, the presence of 
NADP+ should promote linear electron transfer and FNR binding to its binding place in the photosystem I 
[46]. Thus the observed changes in sFNR and lFNR behavior may be related to conformational changes 
occurring in the enzyme molecules after NADP binding [47, 48]. Interestingly, these changes are mostly 
restrained to remodeling of the enzyme active center, but this may also influence the electrostatic 
potential of the whole molecule. This was already discussed as an important constituent of the binding 
driving force. The stronger effect of NADPH may result from an additional reduction (charge transfer) of 
the FAD coenzyme of FNR. High phosphate (but not high NaCl) concentration promoted binding. 
Phosphate ions may partially bind to the NADP binding site. Since phosphate showed an effect opposite 
  
to this of NADP, the phenomenon most probably results from membrane destabilization which facilitates 
binding, rather than from the influence of the enzyme. 
Heavy metal ions are also considered to affect the transition between linear and cyclic electron transfer. 
They may change the secondary and tertiary structure of FNR [49]. Indeed, we showed that cadmium, 
copper and zinc influence the secondary structure composition of both sFNR and lFNR. Heavy metal ions 
slightly influenced α-helices, but had a stronger impact on more flexible elements – loops and β-sheets. 
The decrease in the content of loops may explain the reduced binding rate observed for FNR 
preincubated with metal ions. Heavy metals are also known to induce protein aggregation [50]. The 
aggregation of FNR molecules may influence the binding rate by screening the patches on the protein 
surface involved in the interaction with the membrane. However, this is not the case here, since analysis 
of FT-IR spectra not show elevated levels of aggregates. Because FT-IR spectra may not always be 
sensitive to aggregation, we also confirmed this conclusion by measurement of tryptophane 
fluorescence.  
To sum up, we tested sFNR and lFNR binding to several lipids, differing by head group properties and 
bilayer forming tendency. We found that FNR binds only to the head group region and a larger space 
available between head groups facilitates the binding. Electrostatic attraction is important for the driving 
force. However, the binding is not restricted to charged lipids. Both NADPH and NADP+ decrease the 
binding rate, probably by inducing conformational changes in the enzyme molecule. Ferredoxin 4 with Em 
of -150 mV, but not the typical photosynthetic Fd2, reduces the FNR-membrane binding rate. Those 
findings enable us to conclude, that for both sFNR and lFNR the specific direct binding to the lipid part of 
the membrane in vivo is not of primary importance. However, it should be still taken into account when 
performing in vitro studies using lipids and FNR, as binding may be induced and modulated in vitro by 
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